INTRODUCTION
============

Developmental regulation of myelination depends on transcriptional regulation of a diverse gene set that includes not only major myelin genes, but also lipid biosynthesis genes, and genes involved in controlling exit from the cell cycle ([@gks313-B1]). The EGR2/KROX20 and SOX10 transcription factors play determinative roles in controlling differentiation of Schwann cells. Mouse genetic experiments have shown that SOX10 is required at multiple stages of Schwann cell development, including specification of Schwann cells from neural crest, and entry into the promyelinating and myelinating stages ([@gks313-B2],[@gks313-B3]). The induction of EGR2 at the onset of myelination is also critically required in that Schwann cells from EGR2-deficient mice fail to initiate myelin formation ([@gks313-B4],[@gks313-B5]). Both SOX10 and EGR2 continue to be expressed in myelinating Schwann cells through adulthood, and inducible deletion of either factor in mature Schwann cells leads to demyelination ([@gks313-B6],[@gks313-B7]). Moreover, *EGR2* mutations have been identified in patients with peripheral neuropathy disorders, such as Charcot--Marie--Tooth disease, Dejerine--Sottas syndrome and congenital hypomyelinating neuropathy ([@gks313-B8; @gks313-B9; @gks313-B10]). Similarly, dominant negative *SOX10* mutations were identified in a complex neuropathy-associated syndrome ([@gks313-B11],[@gks313-B12]) called PCWH (peripheral demyelinating neuropathy, central dysmyelinating leukodystrophy, Waardenburg syndrome and Hirschsprung disease), reflecting the pervasive involvement of EGR2 and SOX10 in peripheral nerve myelination.

The genes controlled by EGR2 have been characterized by microarray profiling ([@gks313-B5],[@gks313-B13]), and subsequent studies have identified a number of EGR2 regulatory elements in the *Connexin 32, Myelin Basic Protein, Myelin Protein Zero* and *Peripheral Myelin Protein 22* genes ([@gks313-B14; @gks313-B15; @gks313-B16; @gks313-B17; @gks313-B18; @gks313-B19]). Interestingly, many of these elements are coregulated by SOX10, and clustering of EGR2/SOX10 binding sites in myelin gene regulatory elements appears to be a common theme in control of myelination ([@gks313-B20],[@gks313-B21]). Consistent with its temporal expression pattern, it is clear that SOX10 is required for a number of regulatory events in early Schwann cell development. For example, a recent study of the Schwann cell enhancer in the *Oct6/Pou3f1* gene (a major marker of promyelinating Schwann cells) identified SOX10 responsive elements ([@gks313-B22]), and it appears that SOX10 is also involved in its own autoregulation ([@gks313-B23],[@gks313-B24]).

SOX10 expression is maintained in mature myelinating Schwann cells, but analysis of its role at this stage is complicated by the fact that expression of the *Egr2* transcription factor is itself controlled by SOX10 ([@gks313-B25],[@gks313-B26]). Although some SOX10 target genes have been identified--- including not only *Oct6/Pou3f1* and *Egr2/Krox20*, but also *Mpz, Mbp, Pmp22, Cntf, Dhh, S100b and Erbb3* ([@gks313-B2],[@gks313-B3],[@gks313-B18],[@gks313-B19],[@gks313-B27; @gks313-B28; @gks313-B29; @gks313-B30; @gks313-B31])---it is not clear in all cases whether SOX10 is directly involved in gene activation, or rather activates genes indirectly through activation of the EGR2 transcription factor.

To characterize the patterns of EGR2/SOX10 binding, we performed *in vivo* ChIP-Seq on myelinating rat sciatic nerve. These studies reveal substantial colocalization of these factors at multiple elements, and also provide evidence that SOX10 supports regulation of a number of genes independent of EGR2 activity.

MATERIALS AND METHODS
=====================

ChIP-Seq
--------

ChIP assays were performed on pooled sciatic nerves from Sprague-Dawley rat pups at post-natal Day 15 as previously described ([@gks313-B32]), except that for the EGR2 ChIP, immunoprecipitation was carried out using Dynabeads® Protein A/G Mix (Invitrogen) in lysis buffer containing 1% TritonX-100 instead of 0.3% TritonX-100. Herring sperm DNA was omitted from the blocking procedure. The antibodies used in this study include SOX10 (Santa Cruz Biotechnology, sc-17342x) and EGR2 (Abcam 43020). The raw data files have been deposited in NCBI Geo under accession number GSE35132. For subsequent validation assays of selected peaks using qPCR ([Supplementary Table S3](http://nar.oxfordjournals.org/cgi/content/full/gks313/DC1)), independent ChIP assays from P15 sciatic nerve were performed as described ([@gks313-B32]) with the same antibodies, as well as an independent Egr2 antibody (Covance).

Construction and sequencing of Illumina libraries
-------------------------------------------------

ChIP samples ranging in total quantity from 1.3 ng (EGR2) to 6.8 ng (SOX10), along with 10 ng of input controls, were submitted to the University of Wisconsin--Madison DNA Sequencing Facility for ChIP-seq library preparation. All libraries were generated using reagents from either the Illumina Paired End Sample Preparation Kit (Illumina Inc., San Diego, CA, USA) or the NEBNext® DNA Sample Prep Reagent Set 1 (New England Biolabs, Ipswitch, MA, USA) and the Illumina protocol 'Preparing Samples for ChIP Sequencing of DNA' (Illumina part \# 11257047 RevA) as per the manufacturer's instructions but with the following modification: products of the ligation reaction were purified by gel electrophoresis using 2% SizeSelect agarose gels (Invitrogen, Carlsbad, CA, USA) targeting either 275 bp fragments (Egr2) or 200--400 bp fragments (SOX10 ChIP and input). After library construction and amplification, quality and quantity were assessed using an Agilent DNA 1000 series chip assay (Agilent Technologies, Santa Clara, CA, USA) and QuantIT PicoGreen dsDNA Kit (Invitrogen), respectively, and libraries were standardized to 10 μM. Cluster generation was performed using a cBot Single Read Cluster Generation Kit (v4) and placed on the Illumina cBot. A single read, 36 bp run was performed, using standard 36 bp SBS kits (v4) and either SCS 2.6 or 2.8 software on an Illumina Genome Analyzer IIx. Basecalling was performed using the standard Illumina Pipeline. Reads were mapped to the Rattus norvegicus genome Rn4 using Bowtie (<http://bowtie-bio.sourceforge.net/index.shtml>) to produce SAM files for further analysis.

Peak calling
------------

The analysis of 2 biological replicates provided 3 735 149 and 7 447 826 reads for EGR2; and 7 298 803 and 4 788 143 for SOX10. Inputs for EGR2 and SOX10 immunoprecipitations were sequenced in parallel, and yielded ∼2.8 and ∼4.6 million reads (Egr2) and ∼28 million reads (SOX10). Peak finding was performed using the R package MOSAiCS (**MO**del-based one and two **S**ample **A**nalysis and **i**nference for **C**hIP-**S**eq Data) ([@gks313-B31]) controlling the false discovery rate (FDR) at 0.05. MOSAiCS implements a model-based approach where the background distribution for unbound regions take into account systematic biases such as mappability and GC content and the peak regions are described with a two component Negative Binomial mixture model. MOSAiCS is available at [www.bioconductor.org/packages/2.8/bioc/vignettes/mosaics/inst/doc/mosaics-example.pdf](www.bioconductor.org/packages/2.8/bioc/vignettes/mosaics/inst/doc/mosaics-example.pdf)

Motif and gene enrichment analysis
----------------------------------

MEME (Multiple Em for Motif Elicitation) ([@gks313-B33]) and FIMO (Find Individual Motif Occurrences) were used together for the motif analysis. MEME was used to search motifs based on peaks and FIMO was used to obtain the occurrence rates of the motifs detected by MEME in both EGR2 and SOX10 peaks. DAVID (Database for Annotation, Visualization, and Integrated Discovery) ([@gks313-B34]) with *P* = 0.1 was used for the gene enrichment analysis for up- and downregulated genes.

Cell line culture and siRNA treatment
-------------------------------------

The S16 rat Schwann cell line (provided by Richard Quarles) was grown as described ([@gks313-B35]). S16 cells were transfected with 40 nmol of siRNA directed towards *Sox10* (Ambion, s131239) or a negative siRNA control (Negative control \#2, Ambion, AM4613) with the Amaxa system (Lonza) using the Rat Neuron Nucleofection Solution. At 48 h after transfection, RNA was purified using the RNeasy Lipid Tissue mini kit (Qiagen) and processed for hybridization to Rat Gene 1.0 ST Affymetrix chips by the UW Biotechnology Center. The experiment was performed on three independent sets of samples. After normalization to means, the data were analyzed by Genesifter to identify genes that were induced or decreased \>1.5-fold using *t*-test (*P-*value cutoff 0.05).

Transfection assays
-------------------

Transfection assays were performed in B16 (mouse melanoma) cells as described ([@gks313-B16]). Fragments encompassing EGR2/SOX10 binding sites (Rn4 coordinates provided in [Table 3](#gks313-T3){ref-type="table"}) were cloned in pGL4 (Promega) containing a minimal TATA element. Fragments from proximal promoters were cloned with native transcription start sites upstream of luciferase in pGL4. CMV expression vectors for EGR2 ([@gks313-B36]) and SOX10 ([@gks313-B37]) have been described previously. Luciferase activities were normalized to β-galactosidase activity from a co-transfected CMV (cytomegalovirus)-lacZ construct, and fold induction is reported relative to assays performed with the reporter and an empty CMV expression vector (pCB6).

RESULTS
=======

Genome-wide identification of EGR2 and SOX10 binding sites in myelinating nerve *in vivo*
-----------------------------------------------------------------------------------------

To examine genomic distribution of EGR2 binding *in vivo*, ChIP assays were performed using P15 rat sciatic nerve ([Figure 1](#gks313-F1){ref-type="fig"}). This is a peak period of active myelination in peripheral nerve, and *Egr2* is selectively expressed in myelinating Schwann cells ([@gks313-B38]). Crosslinked chromatin was prepared from two independent pools of freshly dissected sciatic nerves of P15 littermates and immunoprecipitations were performed with an EGR2 antibody used previously ([@gks313-B21]). The ChIP samples were used to prepare libraries for Illumina sequencing, which yielded a total of ∼11.2 million mapped reads. Parallel sequencing of input DNA yielded ∼7.4 million mapped reads. Figure 1.*In vivo* ChIP-Seq analysis of EGR2 and SOX10 binding in peripheral nerve. ChIP assays were performed from pooled rat sciatic nerves at P15, using two independent pools. Fragments associated with EGR2 and SOX10 were sequenced, and mapped to the Rn4 build of the rat genome. Logos display enriched motifs that correspond to previously published consensus sequences for EGR2 and SOX10 ([@gks313-B43],[@gks313-B44]).

A similar analysis for SOX10 was performed in P15 rat sciatic nerve with a SOX10 antibody used previously ([@gks313-B16],[@gks313-B18],[@gks313-B20]). The specificity of ChIP signals has been independently tested by performing ChIP assays in a Schwann cell line in which SOX10 expression has been reduced by siRNA transfection ([@gks313-B18]). In peripheral nerve, SOX10 is expressed only in Schwann cells and not in other cell types ([@gks313-B37]). ChIP assays were performed on two biological replicates from independent pools of P15 littermates. The two replicates provided a total of ∼12.1 million uniquely mapped reads. In addition, sequencing of input DNA was used to assess the distribution of reads from sonicated peripheral nerve chromatin (28 million reads).

After mapping unique reads to the Rn4 build of the rat genome, the data were analyzed by the MOSAiCS method to identify peaks of binding in the two sets ([@gks313-B39]). A total of 7544 peaks were detected for EGR2 data and 5959 peaks for SOX10 data with a FDR of 0.05 ([Supplementary Tables S1](http://nar.oxfordjournals.org/cgi/content/full/gks313/DC1) and [S2](http://nar.oxfordjournals.org/cgi/content/full/gks313/DC1)). SOX10 peaks were found within 100 kb of 7696 genes, and EGR2 peaks were found within the same distance of 8572 genes. Gene ontology analysis of the sets of peak-associated genes identified several enriched terms (FDR \< 0.05, listed in [Supplementary Tables S1](http://nar.oxfordjournals.org/cgi/content/full/gks313/DC1) and [S2](http://nar.oxfordjournals.org/cgi/content/full/gks313/DC1)), such as transmission of nerve impulse, phosphorylation, and axon (SOX10); and nucleotide binding, cell cycle and transmission of nerve impulse (EGR2).

Previously identified EGR2 binding sites in *Mpz, Mbp, Prx, Dhh, Ndrg1, Nab2* and several lipid biosynthetic genes ([@gks313-B16],[@gks313-B17],[@gks313-B20],[@gks313-B21],[@gks313-B32],[@gks313-B40],[@gks313-B41]) were identified as peaks using EGR2 ChIP-Seq analysis ([Figure 2](#gks313-F2){ref-type="fig"}). Similarly, the SOX10 peak analysis ([Figures 3](#gks313-F3){ref-type="fig"} and [4](#gks313-F4){ref-type="fig"}) revealed previously described binding sites in the *Sox10, Mbp, Mpz, Cntf* and *Egr2* genes ([@gks313-B14; @gks313-B15; @gks313-B16],[@gks313-B23],[@gks313-B26],[@gks313-B29]). Overall, the ChIP-Seq analysis identified 13 of 18 EGR2 binding sites that have been published previously using qPCR analysis of ChIP samples (references listed in [Supplementary Table S3](http://nar.oxfordjournals.org/cgi/content/full/gks313/DC1)). A recent study of the *Pmp22* locus used ChIP-seq data to identify three additional EGR2 sites that were subsequently confirmed by qPCR analysis of ChIP samples ([@gks313-B19]). Therefore, the EGR2 ChIP-seq identified 16/21 qPCR-confirmed sites (sensitivity = 76%). For SOX10, the ChIP-seq analysis found statistically significant peaks at 9 of 12 previously identified sites ([Supplementary Table S3](http://nar.oxfordjournals.org/cgi/content/full/gks313/DC1)), and qPCR analysis confirmed 4 additional sites identified by the ChIP-Seq analysis in *Pmp22* and *Aatk* genes ([@gks313-B19],[@gks313-B42]). Overall, the sensitivity of the SOX10 peak analysis based on published qPCR confirmation of Sox10 binding is 13/16 (81%). We also validated a number of newly identified EGR2 and SOX10 binding sites from the ChIP-Seq peak analysis using qPCR analysis of independent ChIP samples (see [Supplementary Table S3](http://nar.oxfordjournals.org/cgi/content/full/gks313/DC1)), which are described below. Figure 2.ChIP-Seq analysis of EGR2 binding. Binding profiles of EGR2 at selected loci are shown. Those peaks marked with an asterisk were identified as statistically significant relative to sequenced ChIP input data. Scale bars are marked within each panel, and all peak coordinates are listed in [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gks313/DC1). The *y*-axis indicates the −log10 posterior probability for 50 bp windows generated by MOSAiCS analysis. All genes shown are reduced in peripheral nerve of EGR2-deficient mice ([@gks313-B5]). Figure 3.SOX10 binding within *Sox10* locus. Binding pattern of SOX10 within its own locus is shown. The SOX10 MCS track indicates previously identified multispecies-conserved sequences numbered ([@gks313-B2; @gks313-B3; @gks313-B4; @gks313-B5; @gks313-B6; @gks313-B7]), as in ref. ([@gks313-B57]). Peaks marked with an asterisk are statistically significant relative to sequenced ChIP input DNA. Figure 4.ChIP-Seq analysis of SOX10 binding. Binding profiles of SOX10 at selected loci are shown. Those peaks marked with an asterisk were identified as statistically significant relative to sequenced ChIP input data. Peak coordinates are listed in [Supplementary Table S2](http://nar.oxfordjournals.org/cgi/content/full/gks313/DC1). All genes shown are reduced in microarray analysis of S16 cells treated with *Sox10* siRNA ([Supplementary Table S5](http://nar.oxfordjournals.org/cgi/content/full/gks313/DC1)).

Analysis of EGR2 and SOX10 peaks
--------------------------------

The collection of SOX10 and EGR2 peaks allows unbiased determination of optimal binding motifs. To determine potential motifs for EGR2 binding, we used MEME ([@gks313-B33]) to identify enriched motifs in the top 500 peaks of EGR2 binding. Two of the enriched motifs ([Figure 1](#gks313-F1){ref-type="fig"} and [Table 1](#gks313-T1){ref-type="table"}) resemble a previously defined consensus binding site for EGR2: GCGTGGGCG ([@gks313-B43]). MEME analysis of SOX10 peaks identified an enriched motif containing an inverted arrangement of two similar sites ([Figure 1](#gks313-F1){ref-type="fig"}) that match the general consensus binding site for members of the SoxE family (AACAANG) ([@gks313-B44]). If the final G of this heptameric sequence is considered the last base, then there is a 4 bp spacer between sites, which closely corresponds to optimal spacing of SOX10 binding sites as defined previously ([@gks313-B45]). Since this previous study had shown that a variable spacing between sites can be tolerated, we examined the occurrence of this inverted arrangement in all SOX10 peaks, allowing for spacers of 3--6 bp ([Table 1](#gks313-T1){ref-type="table"}). Using a *P*-value cut-off of 0.005, 77% of the SOX10 peaks had similar sites corresponding to the dimeric motif, whereas 69% of the EGR2 peaks also had an inverted dimeric SOX10 site. Using 40 sets of randomized peak sequences, the occurrence of the motif never exceeded 74%. At a more stringent cutoff (*P* \< 0.001), 49% of SOX10 peaks had the dimeric motif, compared to only 32% of EGR2 peaks, and 34--37% of randomized peak sets. Table 1.Motif analysis of ChIP-Seq peaksMotifsConsensusEGR2 peaksSOX10 peaksEGR2 1YYCWSHCHSWBMHM0.570.54EGR2\_ 2WSTGGGWR0.620.58EGR2\_ 3RMASWSMARSW0.660.68SOX10\_ 1MAADRVVBBCWTTGT0.450.58SOX10\_ 2YCWGCCTB0.570.59SOX10\_ 3RRRRSWGRRRR0.620.65SOX10\_ 1_3bpMAADR(N)~3~CWTTGT0.480.60SOX10 \_1_4bpMAADR(N)~4~CWTTGT0.460.60SOX10\_ 1_5bpMAADR(N)~5~CWTTGT0.460.59SOX10_1\_6bpMAADR(N)~6~CWTTGT0.450.57SOX10 \_1 (3-6 bp)MAADR(N)~3--6~CWTTGT0.690.77

Previous analysis had identified several genes in which EGR2 and SOX10 sites are closely juxtaposed, including *Connexin 32, Mbp, Mpz* and *Pmp22* ([@gks313-B14; @gks313-B15; @gks313-B16; @gks313-B17; @gks313-B18]). Overall, analysis of the EGR2 and SOX10 peak sets showed that 6.45% of the EGR2 peaks overlapped with a SOX10 peak when allowing separation distance as large as 1000 bp and 11.09% of the SOX10 peaks overlapped with an EGR2 peak with the same separation distance. [Table 2](#gks313-T2){ref-type="table"} shows overlapping information with different separation distances (complete listing in [Supplementary Table S4](http://nar.oxfordjournals.org/cgi/content/full/gks313/DC1)). Iterative analysis of randomized peak sets of similar sizes indicated an average overlap of \<0.05%. Therefore, the degree of overlap is substantially greater than chance compared to randomized peak sets of similar size. Table 2.EGR2 and SOX10 peak overlapsSeparation distance0 bp150 bp200 bp300 bp1000 bpEGR2 versus SOX10 (%)3.144.815.025.316.45SOX10 versus EGR2 (%)5.828.819.19.5811.09

Identification of EGR2 peaks in regulated genes
-----------------------------------------------

Previous microarray studies of mice with a hypomorphic allele of *Egr2* identified a complement of genes that are deregulated by *Egr2* deficiency ([@gks313-B5],[@gks313-B46]). Using the set of EGR2-dependent genes, we found that 146 out of 351 EGR2-induced genes are associated with peaks of EGR2 binding within 100 kb of the gene ([Supplementary Table S5](http://nar.oxfordjournals.org/cgi/content/full/gks313/DC1)). A similar number of EGR2-induced genes have SOX10 peaks (136). Of the EGR2-induced genes that lack a significant EGR2 peak, 52 have at least one SOX10 peak.

[Figure 2](#gks313-F2){ref-type="fig"} displays EGR2 binding sites in several genes that exhibit reduced expression levels in EGR2-deficient mice ([@gks313-B5]). The *Cntf* promoter is regulated by SOX10 ([@gks313-B29]), and our analysis also demonstrated a significant peak of EGR2 binding in the promoter as well, which was confirmed by qPCR analysis of ChIP samples ([Supplementary Table S3](http://nar.oxfordjournals.org/cgi/content/full/gks313/DC1)). This site likely accounts for its *Egr2*-dependent expression in peripheral nerve. Both *Periaxin* and *Mp11* are dependent on *Egr2* expression ([@gks313-B5],[@gks313-B47]), and we observe a peak corresponding to a previously described EGR2 binding site in the *Periaxin* intron ([@gks313-B20]) as well as a peak just downstream of the *Mp11* gene. This peak is distinct from previously described Egr2 binding sites within and upstream of the *Mp11* gene ([@gks313-B47]).

There are specialized lipid components that have a high prevalence in myelin compared to other biological membranes, including cholesterol, long chain fatty acids and sphingolipids such as galactocerebrosides (and sulfatide derivatives) and Schwann cells synthesize these components *de novo* during myelination. EGR2 plays a role in control of lipid metabolism ([@gks313-B13],[@gks313-B21],[@gks313-B35]), and ChIP-seq analysis identified a number of EGR2 peaks in genes required for synthesis of myelin-enriched lipids ([Figure 2](#gks313-F2){ref-type="fig"}). Binding of EGR2 to peak sites in lipid biosynthetic genes (e.g. Scd2 and Hmgcr) was confirmed by qPCR analysis ([Supplementary Table S3](http://nar.oxfordjournals.org/cgi/content/full/gks313/DC1)). *Ugt8* (also known as Cgt-ceramide galactosyl transferase) is required for production of galactocerebrosides, and fatty acid 2-hydroxylase (*Fa2h*) produces the high level of 2-hydroxygalactolipids in both central and peripheral myelin. Previous work had shown that *Fa2h* and *Ugt8* are coordinately induced during peripheral nerve myelination ([@gks313-B48]), and both are reduced in peripheral nerve of the *Egr2* hypomorph ([@gks313-B5]).

EGR2 controls exit from the cell cycle in postnatal Schwann cells ([@gks313-B49; @gks313-B50; @gks313-B51]), which involves cyclin-dependent kinase inhibitors ([@gks313-B52]). Peaks of EGR2 binding were identified in the *p21/Cdkn1a* and *p27/Cdkn1b* genes ([Figure 2](#gks313-F2){ref-type="fig"}), which are dependent on EGR2 expression ([@gks313-B5],[@gks313-B51]). The binding of EGR2 to the *Cdkn1b* peak was confirmed by qPCR analysis ([Supplementary Table S3](http://nar.oxfordjournals.org/cgi/content/full/gks313/DC1)). EGR2 is also linked to structural aspects of the myelinating Schwann cell through regulation of utrophin (*Utrn*), which is part of the dystroglycan complex and is required for Schwann cell compartmentation ([@gks313-B53]). *Utrn* is decreased in the *Egr2* hypomorph ([@gks313-B5]), and two strong peaks were associated with this gene.

Finally, analysis of EGR2 deficient mice had identified a complement of genes that are apparently repressed by EGR2 activity, including *Oct6/Scip/Pou3f1, c-jun*, *Id2* and *Sox2* ([@gks313-B5],[@gks313-B40],[@gks313-B49],[@gks313-B51]). Some of these genes are repressed by EGR2 in conjunction with NAB corepressors and the NuRD chromatin remodeling complex ([@gks313-B40],[@gks313-B46]). When examining genes that are activated in the absence of EGR2 (i.e. EGR2-repressed genes), 136 out of 436 genes have EGR2 peaks within 100 kb. A similar number, 156, of EGR2-repressed genes are associated with a SOX10 peak. These data are consistent with direct repression of some target genes by EGR2 and associated factors, as suggested by previous *in vivo* analyses ([@gks313-B5],[@gks313-B6],[@gks313-B21],[@gks313-B46],[@gks313-B54],[@gks313-B55]). Gene ontology analysis revealed that EGR2-activated genes with EGR2 peaks were generally enriched in regulation of cell proliferation and lipid biosynthesis, whereas EGR2-repressed genes with EGR2 peaks had terms including cell cycle regulation and chromosome segregation (see [Supplementary Table S8](http://nar.oxfordjournals.org/cgi/content/full/gks313/DC1) for complete listing).

Genomic analysis of gene regulation by SOX10
--------------------------------------------

We first examined the binding of SOX10 in the *Sox10* locus ([Figure 3](#gks313-F3){ref-type="fig"}), as previous analysis had identified multiple conserved sequences that mediate expression in the various cell types in which SOX10 is expressed ([@gks313-B23],[@gks313-B56],[@gks313-B57]). Many of the enhancers have been identified to bind SOX10 protein *in vitro*, consistent with an autoregulatory mechanism by which *Sox10* expression is maintained. The ChIP-Seq analysis showed that SOX10 bound to several of these same conserved sequences *in vivo*. Two of the sites at −28 and −38 kb correspond to mouse elements that have been shown to drive expression in peripheral nerve in transgenic experiments, and binding to these two sites was confirmed by qPCR analysis ([Supplementary Table S3](http://nar.oxfordjournals.org/cgi/content/full/gks313/DC1)). The MCS4 sequence at −28 kb---designated U3 in ([@gks313-B23])---has shown that its ability to drive neural crest expression is impaired if SOX10 binding sites are mutated ([@gks313-B24]). The farthest upstream site (MCS7) lies within a region that was found to be deleted in the *Sox10^hry^* mouse strain, in which expression of *Sox10* is lost ([@gks313-B58]).

To further correlate SOX10 binding data with gene activation, we sought to identify regulated genes by siRNA transfection that efficiently depletes *Sox10* mRNA in the S16 rat Schwann cell line ([@gks313-B59]). This cell line expresses near physiological levels of many myelin genes ([@gks313-B60]), and previous ChIP analysis has demonstrated very good concordance of EGR2 and SOX10 binding in selected genes compared to *in vivo* analysis ([@gks313-B16],[@gks313-B20],[@gks313-B32]). The microarray analysis was performed using three independent sets of siRNA transfections in the S16 cell line. In each set, we consistently observed \>85% reduction in *Sox10* mRNA levels by quantitative PCR (data not shown), and we have also observed a large reduction in SOX10 protein ([@gks313-B18]). The results revealed reduced *Egr2* expression as predicted from *in vivo* studies ([@gks313-B25],[@gks313-B26]), and also other SOX10-regulated genes such as *Mpz, Mbp, Dhh, Erbb3 and Pmp22* ([@gks313-B2],[@gks313-B3],[@gks313-B18],[@gks313-B27],[@gks313-B30],[@gks313-B61]). This analysis identified 571 genes ([Supplementary Table S6](http://nar.oxfordjournals.org/cgi/content/full/gks313/DC1)) that are downregulated \>1.5-fold compared to S16 cells transfected with a negative control siRNA (called SOX10-activated genes), and 263 that are induced (SOX10-repressed genes).

To characterize the set of SOX10-regulated genes, we first identified regulated genes that had a SOX10 peak within 100 kb of the gene. Comparison with the ChIP-Seq data revealed that only 65 of the 263 SOX10-repressed genes have SOX10 peaks within 100 kb. In contrast, 242 of the 571 SOX10-activated genes had SOX10 peaks ([Supplementary Table S7](http://nar.oxfordjournals.org/cgi/content/full/gks313/DC1)). Overall, this suggests that SOX10 most commonly acts as a direct activator of gene expression. The SOX10-activated genes associated with SOX10 peaks were further characterized by gene ontology analysis using DAVID ([@gks313-B34]). The enriched categories (at *P*-value cut-off of 0.1) in [Supplementary Table S8](http://nar.oxfordjournals.org/cgi/content/full/gks313/DC1) include several terms related to peripheral nerve development, cell cycle regulation, signaling and metabolic regulation of lipid synthesis.

One of the interesting findings of this analysis is that loss of SOX10 resulted in decreased expression of several Schwann cell markers, including *p75/Ngfr, L1cam* and *Cnp*. As shown in [Figure 4](#gks313-F4){ref-type="fig"}, there is a strong peak for SOX10 upstream of the second promoter of the *Cnp* gene, which is specifically utilized in Schwann cells and oligodendrocytes ([@gks313-B62]), and this peak was validated by qPCR analysis ([Supplementary Table S3](http://nar.oxfordjournals.org/cgi/content/full/gks313/DC1)). In addition, SOX10 binds sites on either side of the *Peripheral Myelin Protein 2* (Pmp2) gene. Interestingly, one of the SOX10-regulated genes, *Lgi4*, is mutated in the spontaneous mouse mutant known as clawpaw which affects myelination ([@gks313-B63]). Recent analysis of a complete knockout of LGI4 function revealed a role in regulating Schwann cell proliferation ([@gks313-B64]), and LGI4 interacts with axonal ADAM22 to mediate neuron-glia interactions ([@gks313-B65]). There is a strong peak of SOX10 binding within the second intron of the *Lgi4* gene and another further downstream. *Sh3tc2*, a gene mutated in CMT4C ([@gks313-B66]), was also decreased by *Sox10* siRNA. In addition, a novel target gene, *Claudin 19* (Cldn19), is a tight junction component in Schwann cells. Targeted disruption of the *Cldn19* gene results in a significant peripheral nerve defect with slowed nerve conduction velocities ([@gks313-B67]). Significant peaks of SOX10 binding are observed just upstream of the transcription start site of *Cldn19* and *Sh3tc2*, and the Cldn19 site was confirmed by qPCR analysis ([Supplementary Table S3](http://nar.oxfordjournals.org/cgi/content/full/gks313/DC1)).

EGR2-independent gene regulation by SOX10
-----------------------------------------

Reduced expression of some SOX10-regulated genes may be mediated indirectly by loss of *Egr2* expression. To describe the unique physiological role of SOX10, we compared the list of SOX10-regulated genes with those that are deregulated in EGR2-deficient mice ([Figure 5](#gks313-F5){ref-type="fig"}A). One of the notable aspects of the *Sox10* siRNA array is that only a minority of the genes that are positively regulated by SOX10 are deficient in peripheral nerve of EGR2-deficient mice ([@gks313-B34]). This includes many of the major myelin-associated genes noted in the previous section, and ontology analysis of this group shows enrichment of terms such as axonogenesis and myelination ([Figure 5](#gks313-F5){ref-type="fig"}A, [Supplementary Table S8](http://nar.oxfordjournals.org/cgi/content/full/gks313/DC1)). As an example, the list of genes affected by SOX10, but not by EGR2 deficiency, includes *Proteolipid protein* (*Plp)*, which is more highly expressed in oligodendrocytes. As further evidence that these genes are directly regulated by SOX10, we took advantage of previously published microarray analysis of early Schwann cell development ([@gks313-B68]), and found that many of this class of genes (∼70% of those represented in the previous array analysis, [Supplementary Table S9](http://nar.oxfordjournals.org/cgi/content/full/gks313/DC1)) are significantly expressed in early embryonic development prior to *Egr2* induction (E12), consistent with a primary role of SOX10 in their induction. Figure 5.Analysis of SOX10-regulated genes. (**A**) *Sox10* siRNA was introduced into the rat S16 cell line, and microarray analysis of three independent replicates was used to identify SOX10-regulated genes. Comparison with array data from the *Egr2* hypomorph allele at P7 revealed a subset of genes that are positively regulated by both EGR2 and SOX10, and another set of genes that are apparently SOX10 induced, but repressed by EGR2 activity in post-natal Schwann cells. Functional annotation clustering performed by DAVID revealed clusters associated with the indicated terms (see [Supplementary Table S8](http://nar.oxfordjournals.org/cgi/content/full/gks313/DC1) for complete listing). (**B**) Peak location analysis was performed for those peaks located within 100 kb of genes that are repressed or activated by EGR2 or SOX10, as determined by microarray analysis of Egr2 hypomorphic mice ([@gks313-B5],[@gks313-B46]) or siRNA analysis of SOX10-regulated genes in the S16 cell line ([Supplementary Table S6](http://nar.oxfordjournals.org/cgi/content/full/gks313/DC1)). Pie charts represent relative proportions of peaks located within the gene body itself (gene), or 0--2, 2--10 and 10--100 kb away from the gene on either the 5′ or 3′ side. Peaks \>100 kb are not included in the analysis. SOX10 peaks in SOX10 repressed genes are not included because of the low number of such peaks.

Location analysis of binding peaks for EGR2 and SOX10 relative to their regulated target genes shows distinct differences in the two factors ([Figure 5](#gks313-F5){ref-type="fig"}B). EGR2 peaks generally resided more distally 5′ of regulated genes, or within the gene body itself, consistent with previous identification of regulatory elements in introns of the *Mpz, Pmp22, Mag* and *Prx* genes ([@gks313-B18],[@gks313-B20],[@gks313-B32]). In contrast, SOX10 peaks tend to be more proximally located 5′ of its activated genes. As noted above, relatively few genes apparently repressed by SOX10 are associated with peaks. The induction of some genes by SOX10 depletion may reflect regulation of several miRNAs by SOX10 in Schwann cells ([@gks313-B42]).

Divergent regulation of genes by SOX10 and EGR2
-----------------------------------------------

Interestingly, this analysis revealed a set of genes that are oppositely regulated by SOX10 and EGR2 ([Figure 5](#gks313-F5){ref-type="fig"}A), in that they are expressed at lower levels in the presence of *Sox10* siRNA, but become induced in the EGR2-deficient peripheral nerve ([@gks313-B5],[@gks313-B46]). In most cases, the expression pattern in early Schwann cell development is consistent with this regulation in that these are highly expressed in embryonic Schwann cells ([Supplementary Table S9](http://nar.oxfordjournals.org/cgi/content/full/gks313/DC1)), but become repressed as myelination proceeds. The sets of co-induced genes (SOX10- and EGR2-activated) and oppositely regulated genes (SOX10 activated, EGR2 repressed) were further analyzed by gene ontology analysis. Functional annotation clustering performed by DAVID ([@gks313-B34]) revealed clusters that were associated with myelination and axon ensheathment for co-induced genes, whereas the most highly enriched clusters for oppositely regulated genes include cell cycle and chromatin-related terms (see [Supplementary Table S8](http://nar.oxfordjournals.org/cgi/content/full/gks313/DC1) for complete listing).

One example of divergent regulation is *Id2*, which is expressed at high levels in embryonic and early postnatal Schwann cells, but this gene becomes repressed at later timepoints ([@gks313-B69]). It is possible that the high level of *Id2* in early Schwann cell development is SOX10-dependent, but is subsequently repressed by the action of EGR2 and its NAB corepressors ([@gks313-B5],[@gks313-B40],[@gks313-B46]). Two additional examples include p75/*Ngfr* and *Brn2/Pou3f2*, both of which become repressed in myelinating Schwann cells ([@gks313-B70],[@gks313-B71]). Binding of SOX10 and EGR2 in the *Brn2* promoter were validated by qPCR ([Supplementary Table S3](http://nar.oxfordjournals.org/cgi/content/full/gks313/DC1)). In addition, binding of SOX10 to a site in the *Id2* gene (at −5 kb) was also validated ([Supplementary Table S3](http://nar.oxfordjournals.org/cgi/content/full/gks313/DC1)), and binding of EGR2 to more proximal sites in the *Id2* gene has been shown previously ([@gks313-B40]).

To test regulation of genes that were identified in these assays, we fused elements from the *Mp11, Cntf, Cdkn1b* (p27) and *Prx* genes (EGR2 activated), the *Lgi4* and *Cnp* genes (SOX10 activated) and the *Brn2, Id2* and *Egfl8* genes (SOX10 activated and EGR2 repressed) upstream of a luciferase reporter gene. The fragments encompassed some of the EGR2 and/or SOX10 binding sites identified in the ChIPSeq peak analysis. Binding of EGR2 and/or SOX10 to the sites in the *Prx, Mp11, Cdkn1b, Mp11, Cnp, Egfl8, Id2* and *Brn2* genes was also validated by qPCR analysis of independent ChIP assays ([Supplementary Table S3](http://nar.oxfordjournals.org/cgi/content/full/gks313/DC1)). The resulting constructs were tested for response to EGR2 and SOX10 expression in transfection assays performed in B16 cells ([Table 3](#gks313-T3){ref-type="table"}), which express endogenous SOX10, but not EGR2. Table 3.Reporter assays of selected peaksReporterSOX10EGR2SOX10+EGR2CoordinatesEGR2-activated genes    Cdkn1b17.9 ± 1.5[\*](#gks313-TF1){ref-type="table-fn"}109 ± 26[\*](#gks313-TF1){ref-type="table-fn"}433 ± 98[\*](#gks313-TF1){ref-type="table-fn"}chr4:171 842 680--171843120    Prx4.9 ± 2.2[\*](#gks313-TF1){ref-type="table-fn"}30.0 ± 6.9[\*](#gks313-TF1){ref-type="table-fn"}32.7 ± 6.6[\*](#gks313-TF1){ref-type="table-fn"}chr1:82 581 793--82 582 143    Mp11137 ± 106[\*](#gks313-TF1){ref-type="table-fn"}311 ± 91[\*](#gks313-TF1){ref-type="table-fn"}541 ± 281[\*](#gks313-TF1){ref-type="table-fn"}chr5:154 156 638--154 157 250    Cntf pr.2.5 ± 1.115.7 ± 4.6[\*](#gks313-TF1){ref-type="table-fn"}6.2 ± 1.8[\*](#gks313-TF1){ref-type="table-fn"}chr1:215 844 613--215 844 913SOX10-activated genes    Lgi42.4 ± 1.1[\*](#gks313-TF1){ref-type="table-fn"}1.1 ± 0.21.6 ± 0.5chr4:171 842 680--171 843 120    Cnp pr.21.5 ± 0.9[\*](#gks313-TF1){ref-type="table-fn"}49.1 ± 12.5[\*](#gks313-TF1){ref-type="table-fn"}53.1 ± 9.8[\*](#gks313-TF1){ref-type="table-fn"}chr10:89 519 778--89 520 480SOX10-activated, EGR2-repressed genes    Brn2/Pou3f29.1 ± 5.5[\*](#gks313-TF1){ref-type="table-fn"}0.7 ± 0.63.5 ± 2.2chr5:37 283 729--37284213    Egfl8 pr.5.4 ± 2.4[\*](#gks313-TF1){ref-type="table-fn"}3.5 ± 0.9[\*](#gks313-TF1){ref-type="table-fn"}3.8 ± 1.9[\*](#gks313-TF1){ref-type="table-fn"}chr20:4 234 732--4235584    Id28.0 ± 2.1[\*](#gks313-TF1){ref-type="table-fn"}2.3 ± 1.1[\*](#gks313-TF1){ref-type="table-fn"}4.1 ± 1.6[\*](#gks313-TF1){ref-type="table-fn"}chr6:42 788 060--42 788 470[^1][^2]

Interestingly, regulatory elements from *Prx*, *Cntf, Cdkn1b, Cnp* and *Mp11* were substantially activated by EGR2, but the other reporters were relatively minimally affected by this factor. Although the B16 cell line expresses SOX10, increased expression of SOX10 alone activates the same promoters (albeit minimally with Cntf). Transfections of these reporters in cultured Schwann cells yielded little or no activation by SOX10 expression, presumably due to high levels of endogenous SOX10. The sequence surrounding an intronic SOX10 peak in the *Lgi4* gene did not respond to either EGR2 or SOX10 transfection, suggesting a more prominent SOX10 peak downstream of *Lgi4* may be more important ([Figure 4](#gks313-F4){ref-type="fig"}). Interestingly, addition of EGR2 appeared to modestly reduce the SOX10-activated levels of the Brn2, Id2 and Egfl8 constructs, but the repression did not reach statistical significance. This may reflect insufficient levels of corepressors and/or incorrect chromatin structure on transfected templates, as several EGR2 repression mechanisms are chromatin mediated ([@gks313-B40],[@gks313-B72],[@gks313-B73]). In addition, the *Id2* peak sequence used here lacked EGR2 binding sites that are more proximal to the gene ([@gks313-B40]). Therefore, it is possible that SOX10 activation and EGR2 repression are mediated by distinct elements.

DISCUSSION
==========

Both EGR2 and SOX10 are involved in regulation of multiple tissue types besides Schwann cells, but the interaction of these two factors plays a major role in establishment and differentiation of Schwann cells ([@gks313-B1]). To elucidate the genomic mechanisms by which these two factors operate, we have performed the first genome-wide analysis of transcription factor binding in myelinating glia *in vivo*. The results show that there is substantial colocalization of these two factors in regulation of many major myelin genes. The degree of colocalization is less than previously described in our study of ChIP-chip binding ([@gks313-B21]), but this study had focused on a subset of genes that are co-regulated during the myelination process. In addition, the colocalization is probably a minimum estimate, since there are many sites in which binding of either EGR2 or SOX10 is significantly stronger than the other. However, some colocalization probably reflects the general propensity of DNA-binding proteins to bind areas of open chromatin throughout the genome ([@gks313-B74]).

Interestingly, the predominance of either factor at specific sites likely reflects functional differences in the roles of these proteins. For example, sites with high amounts of SOX10 may become occupied during embryonic development when myelin genes are expressed at low yet detectable levels. Therefore, induced expression of EGR2 in myelinating Schwann cells may help amplify enhancer activity of such sites. Moreover, these results illustrate the power of combinatorial ChIP-Seq, since it has allowed us to identify enhancer elements that would not have been identified through analysis of either factor alone. It should be noted that while EGR2 is exclusively expressed in ∼50--80% of Schwann cells in sciatic nerve that are myelinating ([@gks313-B38],[@gks313-B75]), SOX10 is also expressed in non-myelinating Schwann cells, and therefore it is possible that some SOX10 peaks may be unique to either state. We have not yet developed a satisfactory means to separate myelinating Schwann cells from their non-myelinating counterparts in sufficient numbers required for ChIP assays. However, ChIP assays in the S16 cell line have confirmed binding of SOX10 to a number of sites in myelin genes ([@gks313-B16],[@gks313-B18],[@gks313-B20],[@gks313-B31],[@gks313-B32]).

As has been observed in other systems ([@gks313-B76]), the resolution of our ChIP-Seq analysis is significantly improved compared to ChIP-chip studies, and in many cases, the binding sites can be localized within 50--100 bp. In addition, the fact that signal-to-noise is not dependent on hybridization efficiency, but rather read number, yields a digital readout with a much greater dynamic range. In addition, ChIP-Seq analysis compares very favorably with qPCR analysis of individual sites, since qPCR validation is highly influenced by primer positioning.

The development of several mouse genetic tools to study SOX10 function have substantially advanced our understanding of how this transcription factor regulates transitions from Schwann cell precursors to immature, promyelinating and myelinating Schwann cells ([@gks313-B2],[@gks313-B3],[@gks313-B61],[@gks313-B77]). Several target genes of SOX10 have been identified, including *Mpz*, *Mbp*, *Cntf*, *Oct6/Scip* and *Erbb3* ([@gks313-B14; @gks313-B15; @gks313-B16],[@gks313-B23],[@gks313-B26],[@gks313-B29],[@gks313-B78]). In addition, we have identified a number of novel target genes of SOX10 activity, including Sh3tc2, *Lgi4* and *Cldn19*, which are required for formation of peripheral myelin ([@gks313-B63],[@gks313-B64],[@gks313-B67],[@gks313-B79]). Interestingly, the regulation of *Itga6* and *Lgi4* by SOX10 reveals connections with several molecular mediators of axon/Schwann cell interactions, such as the *Erbb3/Erbb2, integrin a6* and *Lgi4* partners of neuregulin-1, laminin and Adam22, respectively ([@gks313-B65],[@gks313-B80]).

However, analysis of SOX10 in myelinating Schwann cells is somewhat complicated given that SOX10 is also directly involved in induction of the EGR2 transcription factor. This has been shown *in vivo* ([@gks313-B25],[@gks313-B26]), as well as in siRNA analysis performed in the S16 cell line ([@gks313-B18]). Our data identify several lines of evidence that SOX10 activates a gene expression program that is independent in many ways from the activity of EGR2. First of all, our ChIP-Seq analysis identified many strong binding sites of SOX10 that are proximal to SOX10-regulated genes. Despite a significant level of colocalization with EGR2, there are a number of sites that do not colocalize with EGR2 activity, although presumably SOX10 is able to interact with other factors such as OCT6 and BRN2 (POU3F1/POU3F2). Second, analysis of SOX10-regulated genes using siRNA analysis of S16 cells identified a number of genes regulated by SOX10, but only a subset of these are also deregulated in peripheral nerve of EGR2-deficient mice, again suggesting that the SOX10 program is distinct from that of EGR2. Finally, one surprising finding was that there was a subset of SOX10-activated genes that are oppositely regulated (repressed) by the activity of EGR2. Several genes such as *Id2*, *Brn2/Pou3f2* and *Ngfr* are induced by the expression of SOX10 and become repressed as myelination initiates, but become constitutively expressed at a high level in EGR2-deficient mice ([@gks313-B5]).

Our working model is that expression of SOX10 in embryonic stages is devoted to maintenance of a pre-differentiated state in proliferating Schwann cells ([@gks313-B61]). The subsequent induction of EGR2 in myelinating Schwann cells by the combined activation of SOX10 and OCT6/POU3f1 ([@gks313-B25],[@gks313-B26]) would then initiate cell cycle arrest and final differentiation, in part by repression of immature Schwann cell genes that were activated by SOX10. While our study did not examine SOX10 target gene regulation in pre-myelinating Schwann cells, a primary example of this is the SOX10 activation of *Oct6/Pou3f1* expression in promyelinating Schwann cells, which is then subsequently repressed by EGR2 ([@gks313-B22],[@gks313-B49],[@gks313-B77]). However, not all immature Schwann cell genes appear to be regulated by SOX10, as there was little change in the expression of other immature Schwann cell genes, such as *c-jun* and *Sox2*. Taken together, these data outline a unique genomic role of SOX10 in Schwann cell biology, which includes not only collaboration with EGR2 in regulation of major myelin genes, but also a role in gene activation that is opposed by EGR2 in a specific gene subset. Overall, these studies provide a framework for elucidating the genomic roles of EGR2 and SOX10 in myelinating Schwann cells. It is anticipated that further studies of other transcription factors will further deepen our understanding of transcriptional regulation in Schwann cell differentiation.
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[^1]: Table displays transfection data of the indicated reporters using the B16 melanocyte cell line. Reporters were constructed from genes found to be Egr2-dependent *in vivo* (Egr2-activated), Sox10-activated in the S16 cell line ([Supplementary Table S6](http://nar.oxfordjournals.org/cgi/content/full/gks313/DC1)), or inversely regulated by the two factors in these two data sets (Sox10-activated, Egr2 repressed). Fragments were cloned using the indicated genomic coordinates of the Rn4 genome. Fragments were either cloned upstream of a minimal TATA, or promoter proximal sites (marked pr.) were cloned with the native transcription start site. Numbers indicate fold activation of each reporter with co-transfection of EGR2 and/or SOX10 expression constructs (100 ng) relative to co-transfection with an empty CMV expression vector. Average values and standard deviations are shown for four independent assays.

[^2]: \*Values that differ from empty CMV vector transfections with *P* \< 0.05.
